A computational method to evaluate fracture toughness of single-and multilayered coatings using first-principles density functional theory (DFT) calculations was proposed. This method was first applied to calculate elastic properties and fracture toughness K IC of single crystalline TiC and several transition metal nitrides with cubic structure, such as TiN, CrN, ZrN, VN and HfN. After comparison with known experimental data and other DFT results, the reliability of present calculations was favourably confirmed. Next, DFT was applied to calculate the ideal work of adhesion W ad , Young's modulus E and interfacial fracture toughness K IC Int for bi-layer combinations of five transition metal nitrides in (100) and (110) (110), demonstrating that it is the W ad that plays a decisive role in determining interfacial fracture toughness of these materials. All interfaces formed with TiN in the (110) orientation showed the best combination of adhesion and interfacial fracture toughness.
Introduction
Erosion-resistant (ER) coatings are used to protect compressor components of land and airborne gas turbines from destructive effects of dust and sand particles suspended in the inflowing air. As particulate dry erosion can significantly impact component life and aircraft safety, attempts were made to develop advanced erosion-resistant coatings for compressor components of gas turbine engines [1] [2] [3] [4] . Despite years of effort, high-performing ER coatings capable of
Calculation procedure
The Vienna ab initio simulation package (VASP) [26] using projector augmented wave (PAW) method [27] , based on DFT with the generalizedgradient approximation (GGA) [28] was utilized to calculate the total energy E tot for the investigated cubic structures of TiC, TiN, CrN, ZrN, VN and HfN. From the total energy, the elastic constants C 11 , C 12 and C 44 were derived and Young's modulus E calculated, according to procedure described elsewhere [18] .
To obtain Young's modulus along a specific direction, elastic compliances S 11 , S 12 , and S 44 were first calculated according to the following formula [29] (  (   12  11  12  11 12 12
Then, Young's modulus in the direction of unit vector [hkl] was calculated [29] : ) ) (  2   1  (  2  1   2  2  2  2  2  2  44  12  11 11
For elastic coefficient evaluations, the integration in the Brillion zone of ab initio DFT calculations was done using Monkhorst Pack 17×17×17 k-points of bulk unit cell. For each of the calculations, the Hellman-Feynman forces were calculated to fully relax the atomic coordinates in the models. The planewave cut-off energies were ~450 eV in total energy calculations and the convergence of the total energy calculations was ~10 -5 eV. Fracture toughness K IC , interpreted as a critical stress intensity factor, was calculated from the formula given by Ohring [30] :
where γ is surface energy calculated from the Boettger formula [31] :
where E N slab is the total energy of an N-layer slab, and ∆E the incremental energy
slab )/2. For these calculations, a series of slab models in (100) orientation and with variable number of layers were generated. It was observed that a critical thickness of 11 layers was enough to achieve the convergence and stable surface energy. In order to prevent interactions between the slab and its periodic images, a vacuum region of at least 1 nm was included in all supercell models.
Calculations of interfacial fracture toughness K IC Int were performed using a formula similar to eqn. (5) , by substituting surface energy γ by interfacial debonding energy γ d [30] . Further, for the purpose of this research, the debonding energy of an interface was assumed to be equal to a thermodynamic (ideal) work of adhesion W ad [20] . In addition, to accommodate for interface anisotropy, orientation-dependent Young's modulus E hkl was used in these calculations. Thus, the interfacial fracture toughness K IC Int between two materials along a specific direction [hkl] was calculated from the following formula:
Calculations for every pair of materials were performed assuming that the material with the larger Young's modulus was on top of the stack, corresponding to approaching the interface from that side, i.e. giving the upper bound estimation of the interfacial fracture toughness for the given pair of materials. The work of adhesion W ad was determined through DFT calculations as the difference in total energy between the interface and its isolated surfaces, using the following equation [32] :
where E S1 tot and E S2 tot are the total energy of slab 1 and slab 2, E S1+S2 tot is the total energy of the interface system consisting of slab 1 and slab 2 separated by the distance χ, and A is the interface area. The interface separation χ, usually expressed in units of lattice constant a 0 , is a parameter in the calculation for the work of adhesion. DFT calculations as per eqn. (8) were performed for a series of χ distances and the calculated values of W ad were plotted vs. χ to reveal the minimum, corresponding to the binding (debonding) energy. Two orientations (100) and (110) between nitride pairs have been selected as the interfaces. Since the analyzed nitrides have different lattice parameters, a coherent interface was modelled by assuming an average lattice parameter between the two nitrides [20] .
Results and discussions
DFT calculations were applied to obtain elastic properties for several transition metal nitrides with cubic structure such as TiN, CrN, ZrN, VN and HfN. Table 1 shows the calculated lattice parameters a 0 and elastic coefficients C 11 , C 12 and C 44 for the selected nitrides. The respective numbers were compared to known theoretical and experimental results for TiN and VN. A good agreement between the current calculations, and other DFT calculations and experimental measurements was observed.
The calculated elastic compliances S 11 , S 12 , S 44 and direction-dependent Young's modulus E hkl for investigated nitrides are listed in Table 2 , together with other DFT calculations for TiN and VN. After comparison with literature data, it was found that the current DFT calculations are in good agreement with existing DFT results, thus confirming the reliability of the present approach.
From Table 2 , a clear trend of E(100) > E(110) for all five transition metal nitrides can be observed. This trend on Young's modulus indicates that the bond strength in the [100] direction is stronger than that along the [110], which in turn may affect deformation behaviour and mechanical properties of these materials. It is interesting to note that for E(100), HfN and VN nitrides show larger values than TiN, while in the (110) orientation, it is the TiN that holds the largest value of Young's modulus, indicating that the bond strength of TiN in the (110) orientation is stronger compared to that of (100). In both directions, the weakest material in terms of the bond strengths was CrN, as indicated by the lowest E values. [33] 591, 604 [15] 706 [16] , 625 [34] 144, 136 [15] 138 [16] , 165 [34] 160, 162 [15] 175 [16] [33] 631, 636 [15] 752 [16] , 533 [34] 170, 162 [15] 183 [16] , 135 [34] 133, 126 [15] 121 [16] . A similar example can be found at (110) direction. The important factor here is the surface energy γ. As indicated by eqn. (5), only coatings with a reasonable combination of E and γ can reach high fracture toughness. Not surprisingly, CrN with the lowest E value and very low γ (in both directions) yielded the lowest fracture toughness among the investigated materials. Fracture toughness K IC and surface energy γ in (100) and (110) orientations for TiC and selected nitrides with other DFT calculations [12, 13] and experimental measurements [35] [36] [37] Figure 1 for all interfaces formed by the five transition metal nitrides. Similar relationships can be also observed in the (100) direction. Thus, it may be concluded that the ideal work of adhesion W ad plays a decisive role in controlling the interfacial fracture toughness of investigated materials. It should be noticed from Table 4 In any given orientation, fracture toughness K IC of any nitride was always lower than interfacial fracture toughness K IC Int of any bi-layer combination. Thus, multi-layered coatings fabricated from these nitrides will have interfaces more resistant to fracture, making them suitable candidates for erosion-resistant applications.
